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ABSTRACT 
Some principles that govern the production and measurement of ultrahigh 
vacuum are discussed. Practical means for producing and measuring ultrahigh 


vacuum in small and large systems are considered. 
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ULTRAHIGH VACUUM TECHNOLOGY  ~ 


Richard W. Roberts 


i INTRODUCTION 


A philosophical interest in vacuum can be traced back in time at least 
2000 years. Aristotle explained the necessity of having a hole in the top of a 
barrel, in order to draw wine out of the bottom, by saying "nature abhors a 
vacuum." ‘The experimentalists came on the scene at about 1600. Galileo in- 
vestigated the elevation of water with a suction pump, and his student, Torricelli, 
invented the mercury barometer. Since then, interest in vacuum physics and 
technology has increased at an almost exponential rate. 


Vacuum is a general term referring to a region filled with gas ata 
pressure below atmospheric pressure. Therefore, when describing such a region 
it is necessary to characterize the degree of vacuum. Atmospheric pressure is 
defined to be the pressure exerted by a column of mercury 760 mm in height at 
O°C under standard acceleration of gravity of 980.665 cm sec-*. Vacuum is then 
expressed in terms of pressure. The units used are usually mm of Hg or torr. 
The latter is currently preferred. One mm of Hg equals 1 torr to one part in 10’. 


The general classifications of vacuum are rough, medium, high, and 
ultrahigh. ‘The pressure ranges corresponding to each of these are given in 
Table I, which also lists for each pressure, gas density, mean free path, and 
molecule-surface collision frequency. As the vacuum gets higher and the pres- 
sure lower, the density decreases, the mean free path increases, and the gas- 
eurtace collision frequency decreases. Itis the implications of these trends that 
make ultrahigh vacuum (any pressure less than 10-® torr) a powerful tool for 
research and technology. 


By using ultrahigh vacuum techniques, it has been possible to produce 
gases of very high purity that are required for controlled thermonuclear devices. 
Thin-metal film cryotron devices require preparation in a vacuum that does not 
contribute impurities, which could alter superconducting properties. Again, this 
requires a low residual density of contaminant molecules in the vacuum. Electronic 
devices, vacuum switches, surface physical and surface chemical studies require 
the generation and maintenance of atomically clean metal or semiconductor films. 
This, too, has been made possible by ultrahigh vacuum techniques. (1) The relation- 
ship between the pressure of an adsorbable gas and the time required to contaminate 
a clean surface is given in Fig. 1. About 1 second is required at 10-® torr. 


Ultrahigh vacuum techniques have also been applied to the Space Program. 
This is quite reasonable since the pressure about 300 miles above the earth is 10-° 
torr (Fig. 2). By building large chambers to simulate the vacuums of space, it is 
possible to test components and vehicles on earth. 


It is only within the last decade that vacuums of 107® torr and lower have 
been produced and measured. However, now the principles and techniques are 
well established and pressures in the ultrahigh vacuum range can easily 
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TABLE I 


Classifications of Vacuum. The Variation of Gas Density, 
Mean Free Path, and Collision Frequency with Pressure 


| 
Vacuum - Rough > - Medium - | «<High - ic Ultrahigh > 


Pressure 760 1 Mires. 10 ashe 1o-3 
(torr) (liatm) 

Density 6 5x10" 8 S2Be 10h oO Sao Sees," aiaee 10% 
(mol/cc) 

Mean free path* 6.6% cK) ete pis thes 818 il NSS Same Gi 19s 5 ee 
(cm) 


Collisions with PG eee oO ees eee ear Be ae 12 3. 8 ee 
surface * 
(mol/sec/cem?”) 


eVorcair at 25..C. 


Satellite 500 
environment 
500 Miles above 
earth's surface 400 
TV Tubes c = 300 
z a 
Lamp bulbs s = 200 
100 
Atmospheric 
pressure 
Lifetime of a clean surface 
acd | | ‘o” 10% 10% 102 10 
HON 

of a second pstciee peat Pressure (torr) 

Fig. 1 Variation of clean surface time with Fig. 2 Variation of 
pressure. pressure With altitude. 


be produced with readily available commercial equipment. The remainder of this 
report will deal in a general fashion with these principles and techniques. 2 


Il. ULTRAHIGH VACUUM 


The equilibrium pressure, Pag, ina vacuum system, Fig. 3, 18 deter- 
mined by the rate at which gas enters the chamber and the rate at which it is 
femoved. That is 


Q 
Peg 2 etl torr. 
: S 
where Qr is the total gas influx expressed in torr liter sec-?, and S is the pumping 
speed expressed in liter sec=-. Q@7 is the sum of all sources of gas entering the 


system and includes leaks in the system wall, permeation through the wall, desorp- 
tion from the wall, backstreaming from the pump, and gas evolved by high vapor 
pressure materials in the system. These sources are shown schematically in 

fies 3. 
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Fig. 8 Schematic representation of the various sources of gas influx in a vacuum 
system. 


There are two obvious methods for reducing the pressure in the system. 
One is to minimize the gas influx, Qq, and the other to maximize the pumping 
speed, S. The choice of either of these methods or a combination of the two is 
dictated by the experiment to be performed in the vacuum system. Consider two 
examples: a study of the reaction of a gas with a metal film, and the ground 
testing of a space vehicle. The vacuum system used for the gas-film study is 
shown in Figs. 4 and 5. It is constructed from glass and metal and can be heated 
to 800° or 450°C for outgassing of the parts. This results in a low total gas influx. 
Because of the low Q- of this system, a 5-liter sec-+ mercury diffusion pump 
trapped with liquid nitrogen can pump this 2-liter volume down to 10-”. 


Testing of a space vehicle ina space simulator, Fig. 6, is quitea 
different story. Here Qp is very large, and bakeout is impossible. Therefore, 
pumps with enormous speeds must be used. Cryogenic pumps with speeds of 
many thousand liters sec-? are the primary means for removing gas in these 
simulators. These pumps, which will be described later, are cryogenically 
cooled surfaces that surround the test vehicle and remove from the gas phase a 
large fraction of molecules that strike the surface. 
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Fig. 4 Schematic diagram of ultrahigh vacuum system used for studying the 
reaction of a gas with a clean metal film. 
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Fig. 0 Photograph of ultrahigh vacuum system used for studying the reaction of 


a gas with a clean metal film. 
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Fig. 6 Schematic diagram of the 
GE MSD space simulator. 


Il. COMPONENTS 


These two systems, while quite different, employ similar components 
that allow the achievement of ultrahigh vacuum. Let us disect ultrahigh vacuum 
systems and look at the various components and their prinicples of operation. 


A. Materials 


As we have mentioned, one of the major considerations in the selection 
of materials for ultrahigh vacuum systems is to keep the gas influx to a minimum. 
Therefore, materials should have a low vapor pressure and should be impervious 
to the diffusion of gas through them at both the system operating temperature and 
bakeout temperature (300° to 450°C). These criteria generally preclude the use 
of rubber O-rings, waxes, greases, glass stopcocks and joints, brass, and soft 
solder found in many laboratory vacuum systems. 


Probably the most common material of construction used in small 
laboratory ultrahigh vacuum systems is glass. However, at low pressures, the 
diffusion of atmospheric gases through the glass envelope may constitute a limit 
to the pressure that can be achieved. Norton 3) has calculated the rate of 
helium accumulation in glass bulbs of different compositions (Fig. 7). These 
data indicate that the type of glass is a very important factor in determining the 
degree of vacuum that can be maintained in a system, and,therefore, merits 
careful consideration. 


Austenitic stainless steels are widely used in the construction of systems. 
Components are usually fabricated by welding or brazing. Fernico, Kovar, 
copper, nickel, tungsten, and molybdenum are also used. Table I lists some 
general features of gas permeation through materials. 3 


A more detailed consideration of materials of construction for ultrahigh 
vacuum applications is given elsewhere. 
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TABiE i 


General Features of Gas Permeation* 


Glasses Metals Semiconductors fa POlynens 
me, He, Do, No rare gas He and Hz through All gases permeate 
Ne, Ar, Oo, through any metal Ge and Si all polymers 
fe ae. He permeates most, Ne, Ar not Water rate apt 
6 . especially Pd measurable to be high 
Vitreous silica O», permeates Ag Many specifici- 
fastest pists 


Hp» through Fe by 
corrosion, elec- 
troOlySis, etc. 


All rates vary Rates vary as pera Varies All rates vary as 
as pressure / pressure as / pressure pressure directly 
directly 


*In all, rate is an exponential function of temperature for true permeation. 


A pump is any device that removes molecules from the gas phase. ‘This 
may be accomplished by transfer of momentum, condensation, or adsorption, 
chemical reaction, or by ionization and acceleration into a surface. Many pumps 
involve combinations of these methods. These basic pump mechanisms are illus- 
trated schematically in Fig. 8. 


In diffusion pumps, Fig. 8(a), momentum is transferred to the gas being 
pumped by a directed high-speed vapor of mercury or oil. The working fluid can 
diffuse into the system being evacuated unless suitable traps are provided. 
Zeolites are an effective trap material for oil vapor, and liquid nitrogen traps 
remove mercury vapor. With proper trapping, a vacuum of 10-7? or 10-™ torr 
can easily be achieved. 


Momentum can also be transferred to gas molecules by a rapidly 
rotating surface [Fig. 8(a)]. In these "molecular" pumps there are no mechanical 
seals between the input on exhaust ports, and traps are not required. It has been 
claimed that pumps based on this principle can produce pressures as low as ea 
iw ie 


In principle, the simplest method for removing gas from a volume is to 
adsorb or condense it on the walls of the vessel by reducing the temperature. If 
the gas is removed by condensation on a very cold surface (such that its vapor 
pressure is negligible) [Fig. 8(b)], the term cryogenic pumping or cryopumping 
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Fig. 8 Basic types of vacuum pumps: (a) momentum transfer, diffusion, 
mechanical; (b) condensation; (c) chemical reaction; (d) ionization and accelera- 
tion into a surface; (e) sputter-ion. 


is applied. If, however, the gas is physically adsorbed on a material of high 
surface area at a low temperature, the term sorption pumping is usually applied. 


Sorption pumps consisting of a tube of activated charcoal at liquid 
nitrogen temperature have been used for years. Today, zeolites are used as 
well as charcoal. Such pumps are often used in place of mechanical pumps in 
the initial pumpdown of ultrahigh vacuum systems. 


At 20°K (the boiling point of hydrogen at 760 torr) all gases except 
helium, hydrogen, and neon have a negligible vapor pressure (Fig. 9). At 4.2°K 
(the boiling point of liquid helium at 760 torr) all gases but helium have a very 
low vapor pressure. Therefore, cold surfaces at these low temperatures will 
act as pumps for most of the common gases. 


The rate of removal of a gas depends on the condensation coefficient for 
the gas at the temperature of the surface and the cold surface area available. 
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Fig. 9 Vapor pressures 
of a number of common 
gases below room 
temperature. 


Vapour pressure (torr) 


The condensation coefficient is the fraction of molecules that stick to the surface 
divided by the number that strike the surface. A simple calculation indicates 
that a liquid nitrogen cooled surface has a pumping speed of about 15 liters sec 
em-* for water vapor. Because it is possible to achieve such enormous pumping 
speeds, cryogenic pumps are being used in large space simulators. 
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It is often convenient to remove chemically active gases from a vacuum 
system by reacting them with an active metal to form a compound with a very low 
vapor pressure, or a strongly held chemisorbed layer of gas [Fig. 8(c)]. Pumps 
of this type have been used for many years in the production of vacua in radio 
tubes and other electronic devices and are usually referred to as getters. Simi- 
larly, the process of chemisorption or reaction of the metal with the gas is 
called gettering. 


In these pumps, active metal films are usually generated by the evapora- 
tion of a wire or pellet by resistance heating, or by radiofrequency induction 
heating. Of course, the bulk getter must be carefully outgassed before evapora- 
tion or it will contribute gas to the vacuum system. 


Often, a metal will adsorb only a limited variety of gases. ‘Thus, by 
judicious choice of a getter material, trace impurities may be removed from a 
gas. ‘Table ITI lists a number of metals and semimetals and the gases that they 
will chemisorb at room temperature. 4 


TABLE Il 


Classification of Metals and Semimetals Based on Adsorption Properties 


(A indicates adsorption, NA no adsorption) 


Gases 
Metals 02°) Cob og ChB) COD HE, (CO smeerns 
Ca, or eee, 
Ti Or Be. 
V, Nb, Ta, a A | ie ae as aa A 
Cr Mose, 
Fe, (Re) 
Ni, (Co) A A Bel “Ain, Mee NA 
Ray Stes A A A) hel Te ee 
(Ir) 
Beas A A All A “NAG i Tae 
Au 
K A A NA NA NA NA NA 
Mg, Ag, Zn, 
Gain. Si. 
AS eee. A NA NAO ONA 7) Ne ree 
he Sh ai 
Se, Te NA NA NA NA’ NA° NA a 


( )Metal probably belongs to this group, but the behavior of 
films is not known for all gases. 


*Au does not adsorb Og. 


Clean metals can also alter the composition of gas ina system. For 
example, ethane, propane, and butane will decompose on clean films of rhodium 
and iridium to methane. j It has been reported that when impure titanium getters 
were heated and parce oe in vacuum, methane was formed from hydrogen and 
carbon impurities. (6) 


Titanium, molybdenum, and barium have been used extensively as 
getter materials. The speed of getter pumps depends primarily on the effective 
surface area of the getter and the sticking coefficient of the gas. 


Electronic pumps, Fig. 8(d), remove gas from a system by ionizing gas 
molecules by electron impact and by accelerating the positive ions through several 
thousand volts potential difference into a metal or glass surface. ‘The adsorption 
and re-emission of ions from metal and glass surfaces has been investigated by 
many workers. 
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Blectronic-chemisorption pumps are very effective devices for evacuating 
a system. They can pump chemically active and inactive gases, do not act as a 
source of contaminating gases, and do not require liquid nitrogen traps. ‘These 
pumps contain a means for producing clean metal surfaces, a source of electrons, 
and an accelerating field. The potential of the metal surface is negative. Titanium 
and molybdenum are normally used for the getter material. Several means have 
been used for producing clean metal films. These include evaporation from a 
wire source, evaporation by electron bombardment, or sputtering. 


Perhaps the most popular type of electronic-chemisorption pump is the 
sputter-ion pump [Fig. 8(e)]. This pump is based on the cold-cathode or Penning 
discharge gauge. In its typical form, it consists of two parallel-plate titanium 
cathodes separated by an "egg-crate" shaped anode and located in a magnetic 
field. Several thousand volts are applied between the anode and the cathodes. 
Because of the magnetic field, electrons produced travel long spiral paths and 
have an increased chance of ionizing the residual gas. Positive ions produced 
are accelerated into the cathodes and sputter titanium onto the anode. The pump- 
ing action is a combination of gettering, acceleration of ions into surfaces, and 
burial of atoms. Various refinements of this pump have been developed. These 
include the slotted cathode pump and the third-electrode pump. ‘These pumps are 
available commercially and have speeds that range from 1 liter sec-* to several 
thousand liters sec7?. 


Pe our eS 


In most systems the degree of vacuum is expressed in terms of the total 
Bas pressure in the system. What we are really interested in, for the most part, 
is the particle density in the system. By knowing the temperature and the pres- 
sure the density may be easily calculated. The composition of the gas in the 
Byetem is normally expressed in terms omthe partial pressure of each component. 
There are a variety of gauges that will measure the total pressure, the partial 
mressure, or the density of gas in a vacuaém system. 


The McLeod gauge is the standard device used to calibrate most vacuum 
gauges. In this gauge, the gas at an unknown pressure is trapped in a standard 
volume and is compressed to a known final pressure by a mercury piston into a 
capillary tube of known dimensions. ‘The final volume is measured and the initial 
pressure is calculated from Boyle's Law. McLeod gauges may be used to measure 
pressures down to about 10-® torr. This pressure, however, is far from the 
- ultrahigh vacuum region. 


Since it is difficult to measure low pressures directly, an indirect 
approach is taken. The residual gas is bombarded with electrons. Positive ions 
Plouucen are collected andatie current. "1., measured. “lhe positive ion current 
can often be related to the gas density, o, by the following expression 
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where i_ is the electron current, 4 the distance the electron travels through the 
gas, and Q(E) the probability that a gas molecule will be ionized by an electron 
pieeneroy hi. 


rts 


GR {0 (150v) 


FILAMENT \ COLLECTOR © 


Fa (-20v) 
i 
‘ +) 

oo 

10 

| a 

| 9 MAGNETIC 
l e6 FIELD 

ee 
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Fig. 10 Vacuum gauges: (a) triode ionization gauge; (b) cold-cathode gauge. 


The triode ionization gauge is the device used most frequently to measure 
total pressures in high-vacuum systems. It is shown schematically in Fig. 10(a). 
This gauge contains a hot tungsten filament (O volt potential) as a source of elec- 
trons, a grid at ~150 volts, and a collector at~-20 volts. We find that the 
pressure in a system can be expressed as 
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where § is the sensitivity of the gauge for the particular gas, i, is the positive 
ion current,.and i is the electron current. 


One of the early forms of the triode ionization gauge took the form of a 
central filament surrounded by a cylindrical grid and a cylindrical sheet plate. 
The lower pressure limit of this structure, about 10-8 torr, was determined by 
the x-ray effect. That is, electrons that strike the grid cause the emission of 
soft x-rays. These x-rays strike the collector plate and produce electrons. The 
departure of an electron from the plate is electrically the same as the arrival 
of a positive ion at the collector. This limiting x-ray effect depends to a large 
extent on the physical shape of the collector. When the collector is massive and 
surrounds the grid, it intercepts practically all of the soft x-rays generated at 
the grid. 


ee 


Bayard and Alpert changed the geometry of the ionization gauge to reduce 
this effect. They inverted the standard gauge structure. The collector takes the 
form of a 0.005-inch-diameter wire surrounded by a cylindrical grid. ‘Tungsten 
filaments are located outside the grid. The plate intercepts only a small fraction 
of the soft x-rays and the lower pressure limit is reduced to about 10-” to 10-* 
torr. This structure is called the Bayard-Alpert gauge or the inverted ionization 
gauge. 


A typical nitrogen calibration curve for a Bayard-Alpert gauge made by 
the calibrated conductance method is given in Fig. ll. 


The sensitivity of ionization gauges can be increased by increasing the 
effective path length of the ionizing electrons. This is often done with magnetic 
frelds.. “The Lafferty (8) gauge and the Houston(2) gauge employ this device. 


A class of vacuum gauges eliminates the hot filament as an electron 
source and usescold emission. The Penning gauge, Fig. 10(b), consists of two 
flat parallel cathodes separated by a cylindrical or ring-shaped anode located in 
an axial magnetic field. A potential of several thousand volts is applied between 
the electrodes. Because of the magnetic and electric field, electrons produced 
by cold emission oscillate in spiral paths between the cathodes. Positive ion 
current to the cathode is measured and is proportional to the pressure. Gauges of 
this type measure ee from the ultrahigh vacuum range (~ hose LOTT yae 
about 10-* torr. (10) These eauges have a fairly high pumping speed. This property 
was put to use in the sputter-ion pump described earlier. 

Partial pressure gauges are usually called mass spectrometers. ‘They 


convert a portion of the gas into ions and measure the relative number of ions of 
each mass (or mass/charge, m/e) present. Mass spectrometers usually contain 
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(1) an inlet system for the gas to be measured; (2) an ionization region in which 
the gas is converted to ions; (8) an analyzing region that separates the ions 
according to m/e, and (4) a detector that measures the number of ions for each 
my ee 


Ionization is usually accomplished by bombardment with electrons from 
a hot filament, although cold cathode, spark sources, field ionization, and other 
sources have been used. Detectors are either Faraday cage collectors or ion 
multipliers. The latter detector is generally used at very low pressures, l.e., 
low ion concentrations. The types of m/e analyzers vary greatly. We shall 
discuss only the magnetic deflection mass spectrometer. 


The magnetic deflection mass spectrometer is perhaps the most widely 
used device for partial pressure measurement in vacuum systems. A schematic 
diagram of a typical spectrometer is given in Fig. 12. Ions produced by electron 
bombardment are accelerated through a potential difference and analyzed with a 
magnetic field. When the ions enter the magnetic field, they experience an accel- 
eration and have circular trajectories with a radius r. This radius of curvature 
is a function of the mass of the ion, m; its charge, e; its energy, Ve; and the 
magnetic field strength, H. Here V is the potential difference, and e is equal to 
ne', where e!' is the charge of an electron and n the number of such charges. We 
find that the radius is given by 


beh 2Vm/ne! 
H ? 
or 
Ge — J/VM/n , 


where M is the molecular weight of theion. 
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Fig. 13 A small ultrahigh 
vacuum mass spectrometer. 
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notograph of a typicalultrahigh vacuum mass spectrometer is shown 


A Fi 
in Fig. 13, (11) 

With sensitive photomultiplier detectors and counting devices, these mass 
spectrometers will measure partial pressures as low as 10-* torr. 2 


Db. Vacuum Seals 


Vacuum seals are generally classified as static or motion seals, and 
may be permaneni or demountable. Today, with the increasing use of high- 
temperature bakeout procedures, seals are often also classified as bakeable or 
nonbakeable. In general, a nonbakeable seal cannot be used in ultrahigh vacuum 
systems. ‘The type of seal used in a system must, of course, be tailored to the 
particular problem to be solved. Thus, while grease and rubber gaskets are 
widely applied in 10-§ torr systems, they are to be avoided in ultrahigh vacuum 


Systems. 


Permanent static seals are made by the direct joining of glass-to-glass, 
glass-to-metal, metal-to-metal, etc. by fusion, welding, etc. 
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A perfect demountable seal is one in which continuous molecular contact 
between the two mating surfaces takes place. In practice, such seals are 
approached with liquid metal and shear gasket seals. A number of demountable 
metal flange seals are Shown in Fig. 14. 


Metals have also been used as gasketing materials and sealing agents. 
Solders and low vapor pressure elements like indium have been used to seal 
joints. Separation is accomplished by merely reheating the joint. 


Annealed gold O-rings, Fig. 14(a), compressed between polished metal 
flanges or in a corner comprise an excellent ultrahigh vacuum seal. Aluminum, 
copper, and other materials have also been used. A partially sheared or com- 
pressed flat OFHC copper gasket also provides a good ultrahigh vacuum seal. A 
variety of flange designs have evolved. These include the knife-edge seal, Fig. 
14(b); the step seal, Fig. 14(c); the coined gasket seal, Fig. 14(d); "Con Flat" seal, 
Fig. 14(e); and the GE seal, Fig. 14(f). All of these seals will withstand high- 


temperature bakeout. 
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Fig. 14 Ultrahigh vacuum static seals: (a) O-ring; (b) knife-edge seal; (c) step 
seal; (d) coined gasket seal; (e) "Con Flat" seal; (f) GE seal. 
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Pig. 1o Ultrahigh vacuum motion seals: (a) bellows seals; (b) magnetic coupling; 
(c) low vapor pressure material seal. 


Several typical seals used for introducing rotary or translational motion 
into a vacuum are shown in Fig. 15. Metal bellows, Fig. 15(a), have been used 
to introduce translational as well as low-speed rotational motion into vacuum 
systems. Levers and gears may be used to amplify the motion. By using low 
vapor pressure materials, these seals can be used in bakeable ultrahigh vacuum 
systems. ‘The transmission of motion by using the coupling of magnetic fields is 
another widely used technique [Fig. 15(b)]. The vacuum wall must be made of a 
nonmagnetic material. Permanent magnets, or electromagnetic induction drives 
may be used. 


Motion may also be introduced in ultrahigh vacuum systems by using a 
low vapor pressure liquid to form a seal around a shaft going through the vacuum 
wall |Fig. 15(c)]. A eutectic mixture of gallium, indium, and tin has also been 
used with good results. (13) This material melts at 10.7°C and has a vapor pres- 
Sire on leceian10-°vtornat-bO0°C, 
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EK. Valves 


Valves are an integral part of ultrahigh vacuum systems because they 
are used to vary conductances in the system and to isolate various parts of it. 


Valves with the smallest closed conductance are made from metal. ‘The 
sealing is accomplished by compression of a metal, shearing of a metal, or by 
actual melting of a metal. Motion is achieved with a flexible bellows or diaphragm, 
which is welded or brazed to the valve body or by magnetic coupling. A typical 
design for a small metal valve that employs a compression seal is shown in Fig. 
16(a). Many of the larger metal valves (6-inch diameter up to 14-inch diameter) 
actually shear the valve seat material (usually copper). In this manner a fresh 
Seats veneratedsat cach closure, 


Indium and other low melting, low vapor pressure metals have been 
used as valve seat materials. They have also been used as a working fluid in 
cutoffs. A valve using an indium seal is shown in Fig. 16(b). 
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Fig. 16 Ultrahigh vacuum valves: (a) metal valve; (b) indium seal; (c) glass valve; 
(d) glass valve; (e) porous rod; (f) diffusion he 
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Glass valves generally take the form of carefully lapped planar, Fig. 16(c), 
or spherical, Fig. 16(d), surfaces. Magnetic coupling to an iron slug incorporated 
in the valve is the usual method of operation. A thin glass membrane or tube and 
a metal-enclosed-in-glass hammer are commonly used separators. Once opened 
this "valve" remains open. 


A third class of valves depends on the rate of diffusion of a gas through 
amaterial. These are called diffusion leaks. Porous ceramic rods have been 
used as leaks. Asis shown in Fig. 16(e), the rodis partially surrounded with 
feercury and the leak rate is controlled by varying the height of the mercury. 


It is well known that some gases will diffuse through metals and glasses, 
and that the rate of diffusion is a sensitive function of temperature. A number of 
valves or leaks operate on this principle. They take the form of a thimble or 
closed tube connected to the vacuum system. ‘The tube is surrounded by a heater 
wire so that its temperature can be controlled [Fig. 16(f)]. Palladium and nickel 
tubes have been used for hydrogen and deuterium leaks, silver for oxygen, and 
Vycor for helium. 


IV. SUMMARY 


The experiment to be performed in the vacuum system dictates to a large 
extent the over-all system design. Specific pumps, gauges, and accessories can 
then be selected to meet the requirements. A general rule of thumb for producing 
the lowest pressure is to keep sources of gas influx low and pumping speeds high. 
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